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Multiple wave modes in a signal can be effectively separated by frequency filtering or frequency-based
methods as long as the modes propagate at different frequencies. However, they cannot be applied
for the separation of multiple modes that propagate at the same frequency. This work shows that
two wave modes contained in a single-frequency bi-modal signal can be separated if a specially
engineered phononic crystal (PC) is employed. For demonstration, guided elastic wave experiments
were performed in a thin aluminum plate in the middle of which a PC is inserted for mode
separation.VC 2011 American Institute of Physics. [doi:10.1063/1.3662446]
In this letter, we present the separation of two modes
from a single-frequency bi-modal wave by using unique
characteristics of a phononic crystal (PC). To give the moti-
vation of this research, consider Fig. 1(a) showing the guided
shear-horizontal (SH) elastic wave experiment performed in
a homogeneous aluminum plate of 5mm in thickness with a
PC inserted in the middle. Because the center frequency
(357 kHz) of a pulse generated by a transducer is higher than
the first cutoff frequency (fcutoff) (as shown in Fig. 1(b)), two
wave modes corresponding to the circled points in Fig. 1(b)
are simultaneously generated even if only one mode is
desired. Because two modes are excited at a single-
frequency, commonly employed frequency filtering techni-
ques cannot be used. Here, we consider wave excitation at a
frequency above the cutoff frequency but aim to separate the
two modes and send them along different directions. The key
idea for the proposed separation is to employ a PC; a PC
having a particular crystal structure is inserted in the homo-
geneous plate and the angle of incidence to the PC is con-
trolled. The separated wave signal of the larger wavenumber
that is experimentally measured at A is presented in the right
panel of Fig. 1(c) while multiple wave modes were inevita-
bly excited in a uniform plate as shown in the left panel of
Fig. 1(c). The wave mode separation with elastic waves has
not been reported earlier, so we present the related analysis
and experimental procedure as well as the findings from this
study.
As we will make a use of phononic crystals for wave
mode separation, earlier researches on wave manipulation
with phononic and photonic crystals will be reviewed. When
two modes mixed in a signal travel at different frequencies,
the mode separation by means of a phononic crystal1 was
demonstrated by simulation.2 Photonic crystals3 were also
engineered to split electromagnetic waves by the band
gap phenomenon,4–6 waveguide effect,7 and refractive
property8–10 but no investigation to separate multiple modes
propagating at a single-frequency has been reported. Here,
the unique characteristics of PC’s will be used for complete
mode separation.
In the present proposition, we utilize the anisotropic
wave refraction property of PC’s.11–13 The main issue here is
that one should select a PC that must satisfy the following
conditions for the mode separation of a single-frequency bi-
modal SH wave:
1. The PC must have a pass band near the target frequency
with at least two propagating SH wave modes.
2. The uy distributions of two propagating modes in the PC
should have similar distributions of those of the SH0
and SH1 in the uniform plate.
3. The directions of the group velocities for the selected
modes in the PC should be as different as possible for
mode separation. In other words, the refraction angles
for two wave modes in the PC should be as different as
possible.
4. To avoid unwanted diffraction, it is desirable to select
an incident angle from the uniform plate to the PC plate
at which the refraction angles are not so sensitive to any
perturbation of the incident angle.
We consider a PC plate consisting of a triangular lattice.
It is made of a 5mm-thick aluminum plate (density
q ¼ 2631:4 kg=m3, Young’s modulus E¼ 67.78GPa, and
Poisson’s ratio m ¼ 0:33) having air-filled holes with the di-
ameter d ¼ 2mm and the lattice parameter a ¼ 8mm as
illustrated in Fig. 1(a). The target frequency of 357 kHz is
selected to fulfill Condition (1); see Fig. 2(a) which shows
the band structure of the PC plate calculated by the finite ele-
ment method.14 Figure 2(a) confirms the existences of sev-
eral propagating wave modes, so we must select the wave
modes exhibiting a dominant shear motion and having the
displacement distributions similar to those shown in Fig.
1(b). Two candidate points in the band structure are marked
by symbols A and B. The displacement distributions of a
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unit cell of the PC at A and B are plotted in Fig. 2(b). In
addition, the variation of uy in the z direction is also plotted
in Fig. 2(b) for comparison with those shown in Fig. 1(b).
Similar investigations on the eigenmodes of PC’s were per-
formed earlier.15 From the similarities between the displace-
ment mode shapes of the uniform plate and those of the PC
plate, it can be concluded that along the propagating C1K1
direction, the incident SH0 and SH1 modes from the uniform
plate can excite the selected modes of the wave in the PC
located at Points A and B in Fig. 2(a). Therefore, condition
(2) can be satisfied.
To fulfill conditions (3) and (4), let us consider the equi-
frequency contour (EFC) of the uniform plate and those of
the PC plate at 357 kHz in the first and extended Brillouin
zones.13,16 In Fig. 3(a), the thick lines represent the EFC’s of
the SH0 wave mode while the thin lines, the EFC’s of the
SH1 wave mode. The refracted waves in the PC have the
same tangential wavenumber components as those of the
incoming waves from the uniform plate.11,13,16 They propa-
gate in the direction normal to the EFC’s. One should con-
sider possible incident angles using the EFC’s of the uniform
and PC plates shown in Fig. 3(a). Figure 3(b) shows that as
hi approaches 16:68
(the critical angle for which only one
propagating wave survives in the PC plate at 357 kHz), the
difference between the refraction angle (h0r ) for the incident
SH0 wave and the refraction angle (h1r ) for the incident SH1
wave is increased. To reduce adverse effects of diffraction
which is related to the curvature of the EFC,10 we should
also consider the flatness of the hr curve. Thereby, an angle
of incidence equal to 8:00 is selected for which the refrac-
tion angles are h0r ¼ 21:43 and h1r ¼ 0:67. See, for exam-
ple, Ref. 17 for the negative refraction of elastic waves.
SH guided wave experiments with the engineered PC
were conducted as shown in Fig. 4(a). The PC plate has 20
air holes in the x direction and 15 air holes in the y direction.
The thick and thin arrows drawn over the PC in Fig. 4(a)
schematically represent the rays of the SH0 and SH1 waves,
respectively. For experiments, an electric signal of the Gabor
pulse centered at 357 kHz was inputted to the transducer,
called the planar solenoid array-type orientation-adjustable
patch-type magnetostrictive transducer (PSA-OPMT)
employed in Ref. 18. Based on the analysis above, the trans-
mitting PSA-OPMT is so aligned as to make the generated
wave being incident at 8:00.
FIG. 2. (Color online) (a) Band structure of the PC plate in the first and
extended Brillouin zones. (b) The distributions of the y-displacement com-
ponents of the eigenmodes at Points A (k¼ 777.3 rad/m, k: wavenumber)
and B (k¼ 411.9 rad/m) in (a).
FIG. 3. (Color online) (a) EFC’s at the target frequency for the PC plate
(solid line) and the uniform plate (dashed line) where the thick and thin lines
correspond to the SH0 and SH1 modes, respectively. The pentagon repre-
sents the first Brillouin zone. The wavenumbers of the refracted SH0 and
SH1 wave modes in the PC are indicated by Points P and Q, respectively,
for an incident wave at 8:00. (b) The variations of the refraction angles in
the PC plate for incident SH0 and SH1 waves from the uniform plate.
FIG. 1. (Color online) (a) Illustration of a guided-wave experiment in a PC
plate. (b) The dispersion relation of the SH guided wave in a uniform plate.
The distributions of the y-displacements along the plate thickness direction
are also shown. Here, the wave is assumed to propagate in the x direction.
Symbols SH0 and SH1 represent the first and second branches of the guided
SH mode. (c) The measured signal at Point A in a uniform plate (left panel)
and with a PC plate (right panel).
201906-2 Ma et al. Appl. Phys. Lett. 99, 201906 (2011)
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  114.70.7.203 On: Tue, 23 Aug 2016
10:06:18
The two wave modes after entering the PC will be
refracted at different angles and then exit to the uniform plate.
The measurement made at A (x ¼ 190 and y ¼ 55:42mm) in
Fig. 1(a) is shown in the right panel of Fig. 1(c), which is con-
tributed only from the SH0 wave mode. To verify complete
wave mode separation, full-field measurements along line
1 10 and 2 20 were made. A magnetostrictive patch trans-
ducer having a single-line meander was used to measure SH
waves of any frequency and wavelength. The distance
between adjacent measurement points is 6.92mm, resulting in
25 measurements for each measurement line.
The spatiotemporal distributions of the squared magni-
tudes of the 357 kHz components of the recorded signal
processed by the short-time Fourier transform are plotted in
Fig. 4(b)—it clearly shows two distinct peaks appearing at
different times and locations. The peaks appearing for the
larger y value correspond to the SH0 mode pulse while those
for the smaller y value, to the SH1 mode pulse. The theoreti-
cal (sjth) and experimental (sjex) traveling times from the
wave transmitting transducer to the line 1 10 were in good
agreement; sjth ¼ 104:60 ls and sjex ¼ 96:23 ls for the SH0
mode and sjth ¼ 160:77 ls and sjex ¼ 164:83 ls for the SH1
mode. Also, the experimentally estimated separation dis-
tance between the peaks along the y direction is 62.32mm,
which agrees well with the theoretical prediction, 64.72mm.
Note that the plot in Fig. 4(b) is mainly focused on the wave
phenomenon before the reflected waves are measured.
We demonstrated that two modes mixed in a single-
frequency bi-modal elastic wave can be separated if the ani-
sotropic refractive property of a PC is utilized. It has been
nearly impossible to perform single-mode ultrasonic guided
wave based inspections when the operating frequency goes
beyond the first cutoff frequency. Thereby, the present theo-
retical and experimental demonstration of the mode separa-
tion could pave a way to high-resolution ultrasonic imaging
or damage inspection since wave pulses of short wavelengths
can be extracted by using an engineered PC. The proposed
conditions on the band structure and EFC’s of a PC were
shown to be useful to separate multiple modes that propagate
at the same frequency. In case of the demonstrative example
dealing with SH guided waves in an aluminum plate at
357 kHz, a two-mode wave incident from the uniform plate
to the PC plate at 8:00 was separated into two distinct
waves of different modes at the refraction angles of 21:43
for the SH0 mode and 0:67 for the SH1 mode.
This work was supported by the National Research
Foundation of Korea (NRF) Grant (No: 2011-0017445)
funded by the Korean Ministry of Education, Science and
Technology (MEST) contracted through IAMD at Seoul
National University and WCU Program (No. R31-2010-000-
10083-0) through NRF funded by MEST and the second
stage of the Brain Korea 21 Project in 2011.
1D. Garcia-Pablos, M. Sigalas, F. R. Montero de Espinosa, M. Torres, M.
Kafesaki, and N. Garcia, Phys. Rev. Lett. 84, 4349 (2000); J. O. Vasseur,
P. A. Deymier, B. Chenni, B. Djafari-Rouhani, L. Dobrzynski, and D. Pre-
vost, Phys. Rev. Lett. 86, 3012 (2001); A. Sukhovich, B. Merheb, K. Mur-
alidharan, J. O. Vasseur, Y. Pennec, P. A. Deymier, and J. H. Page, Phys.
Rev. Lett. 102, 154301 (2009).
2Y. Pennec, B. Djafari-Rouhani, J. O. Vasseur, A. Khelif, and P. A. Deym-
ier, Phys. Rev. E 69, 046608 (2004).
3Photonic Bandgap Materials, edited by C. M. Soukoulis (Kluwer, Dor-
drecht, 1996); J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D.
Meade, Photonic Crystals: Molding the Flow of Light (Princeton Univer-
sity Press, Princeton, 2008).
4X. Yu and S. Fan, Appl. Phys. Lett. 83, 3251 (2003).
5S. Shi, A. Sharkawy, C. Chen, D. M. Pustai, and D. W. Prather, Opt. Lett.
29, 617 (2004).
6V. Zabelin, L. A. Dunbar, N. Le Thomas, R. Houdre´, M. V. Kotlyar, L.
O’Faolain, and T. F. Krauss, Opt. Lett. 32, 530 (2007).
7M. Bayindir, B. Temelkuran, and E. Ozbay, Appl. Phys. Lett. 77, 3902
(2000).
8H. Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T. Sato,
and S. Kawakami, Appl. Phys. Lett. 74, 1370 (1999).
9X. Ao, L. Liu, L. Wosinski, and S. He, Appl. Phys. Lett. 89, 171115
(2006).
10B. Momeni, J. Huang, M. Soltani, M. Askari, S. Mohammadi, M. Rakh-
shandehroo, and A. Adibi, Opt. Express 14, 2413 (2006).
11S. Yang, J. H. Page, Z. Liu, M. L. Cowan, C. T. Chan, and P. Sheng, Phys.
Rev. Lett. 93, 024301 (2004).
12M. Ke, Z. Liu, C. Qiu, W. Wang, J. Shi, W. Wen, and P. Sheng, Phys.
Rev. B 72, 064306 (2005).
13M.-H. Lu, C. Zhang, L. Feng, J. Zhao, Y.-F. Chen, Y.-W. Mao, J.
Zi, Y.-Y. Zhu, S.-N. Zhu, and N.-B. Ming, Nature Mater. 6, 744
(2007).
14P. Langlet, A.-C. Hladky-Hennion, and J.-N. Decarpigny, J. Acoust. Soc.
Am. 98, 2792 (1995); A. Khelif, B. Aoubiza, S. Mohammadi, A. Adibi,
and V. Laude, Phys. Rev. E 74, 046610 (2006).
15T.-T. Wu, Z.-G. Huang, and S. Lin, Phys. Rev. B 69, 094301 (2004); J.-H.
Sun and T.-T. Wu, Phys. Rev. B 76, 104304 (2007); J.-J. Chen, B. Bone-
llo, and Z.-L. Hou, Phys. Rev. E 78, 036609 (2008).
16J. Bucay, E. Roussel, J. O. Vasseur, P. A. Deymier, A.-C. Hladky-Henn-
ion, Y. Pennec, K. Muralidharan, B. Djafari-Rouhani, and B. Dubus, Phys.
Rev. B 79, 214305 (2009).
17B. Morvan, A. Tinel, A.-C. Hladky-Hennion, J. Vasseur, and B. Dubus,
Appl. Phys. Lett. 96, 101905 (2010).
18M. K. Lee, P. S. Ma, I. K. Lee, H. W. Kim, and Y. Y. Kim, Appl. Phys.
Lett. 98, 011909 (2011); H. J. Lee, H. W. Kim, and Y. Y. Kim, Appl.
Phys. Lett. 98, 241912 (2011).
FIG. 4. (Color online) (a) Photo of the experiment setup for the mode sepa-
ration of a single-frequency bi-modal SH wave. The thick and thin arrows
denote the refracted waves in the PC upon the SH0 and SH1 wave inciden-
ces, respectively. (b) The spatiotemporal distributions of the squared magni-
tudes of the 357 kHz frequency component of the signals measured along
the 1 10 and 2 20 lines.
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